Abstract The ever-increasing demand and competition for the finite water resource worldwide call for more efficient use of water in all sectors, including firstly agricultural food production. One important consideration is the existence of a limit to the amount of biomass a crop can produce per unit of water consumed. This article analyzes the theoretical background and the experimental evidence for the conservative behavior of the efficiency in water use by crops to produce biomass, i.e., biomass water productivity (WP b ), under variable environmental conditions. Particularly, WP b is approximately constant for a given crop species after normalization for evaporative demand of the atmosphere and air carbon dioxide concentration. A stepwise scaling up approach, from leaf to canopy, is undertaken to underline the processes involved at the different hierarchical levels of biological organization that lead to the conservative behavior of WP b . Starting at the leaf level, the basic gas exchange equations are outlined to demonstrate that the normalized photosynthetic WP b at the leaf scale is proportional to the ambient CO 2 concentration. New experimental evidence in support of that conclusion is presented for several C 3 and a C 4 crops. Additional factors are introduced to assess photosynthetic WP b at the canopy scale, including the extent of radiation capture and the role of respiration. The composition of biomass was then considered in the analysis of WP b over a season. The paper highlights the need to normalize WP b for differences in climate, specifically, in evaporative demand of the atmosphere to extrapolate WP b values between climatic zones, and in atmospheric CO 2 concentration to account for changes in CO 2 with time, when looking at the past and into the future. Two procedures for normalization for differences in evaporative demand are presented, and a procedure for normalization for changes in CO 2 concentration is derived for the leaf scale and shown to be applicable to canopy scale. Some knowledge gaps and research needs are pointed out and the potential offered by the near constancy of normalized WP b in crop simulation modeling is emphasized.
Introduction and background
Food production and water use are two closely linked processes. As the competition for water intensifies worldwide, water in food production must be used more efficiently. Of the different steps in water use in the crop production process, the most fundamental is the exchange of water lost by transpiration for the assimilation of carbon dioxide. The net gain of carbon and energy by the plant in this process then leads to the production of biomass, of which the harvested yield is usually only a part. It turns out that for biomass production, the efficiency of water use (transpiration) is relatively constant after the variation in two key environmental factors, evaporative demand of the atmosphere and air carbon dioxide concentration, are accounted for by normalization.
This conservative behavior has been analyzed and discussed in detail several times in the past half century. In light of the urgent need to answer the question of just how much the efficiency of water use in agriculture can be improved, we are revisiting the issue here, to examine the theoretical basis for the conservative behavior, to evaluate just how conservative biomass water productivity is, and to consider the possibility of its improvement. The conceptual basis for the conservative behavior will be reviewed, recent data evaluated and discussed, and the different ways to normalize for evaporative demand and carbon dioxide concentration illustrated. It is hoped that this discourse will help to focus better the potential means to improve the efficiency of water use, and also lead to the modeling of crop productivity based on water use. The subject of this paper, biomass water productivity, is a segment in the sequence of steps in the use of water for crop production. The broader aspects of the efficiencies in agriculture include many other efficiency steps, and these are considered in another paper in this special issue (Hsiao et al. 2007) .
Biological or primary productivity is normally evaluated in terms of biomass (as dry matter), and the water consumed and not recoverable in this production process is normally assessed in terms of evapotranspiration (ET), the sum of transpiration by the crop (T) and evaporation from the soil (E). This paper focuses on the production of biomass in relation to transpiration. Only the water transpired is considered because evaporation from the soil is not in exchange for carbon assimilated. Here biomass water productivity (WP b ) is defined as the aboveground dry matter (g or kg) produced per unit land area (m 2 or ha) per unit of water transpired (mm or m 3 ). The units of WP b are then either kg m -3 or kg ha -1 mm -1 . In the literature water productivity is mostly expressed as the ratio of biomass to evapotranspired water, because separation of E from T was not possible in these cases. Although the units remain the same regardless whether T or ET is the denominator, it is important to specify which water productivity is being referred to.
The scales considered here range from individual leaves up to crop plant communities, with the boundary conditions for the latter being that of an agricultural field. Only above-ground biomass is considered, even though root biomass is a reasonably significant component of total biomass and a fraction of daily photosynthate is allocated to the growth and maintenance of the root system (Lambers 1987) . The very limited information on root biomass in relation to water use, relative to that existing on shoot biomass, made it necessary to restrict this analysis to shoot biomass production. Fortunately, for most crop species except root crops, only a small portion of the total biomass is in roots so that considerable changes in root biomass may occur with only minor effect on total biomass. Relative to shoot, root growth is known to be more resistant to nutrient and water deficiencies (Taylor 1983; Hsiao and Xu 2000a) . On the other hand, there is a homeostatic growth response toward a near constant root:shoot ratio (Brouwer 1983) .
Water productivity is also referred to as water use efficiency (WUE) in the literature. Monteith (1984 Monteith ( , 1993 criticized the WUE term and pointed out that no theoretical limits exist as reference, as it should be for efficiency in an engineering sense. On the other hand, efficiency is used widely in economics without a theoretical maximum. More practically, the extensive use of WUE had caused confusion and met objections mainly because the meaning of the term depends on the specifics of the numerator and denominator defining it. This problem can be overcome by specifying with subscripts, as exemplified in Hsiao et al. (2007) .
Many experiments have shown that the relationship between biomass produced and water consumed by a given species is highly linear. This indicates that WP b is approximately constant, a feature that is critical for the analyses of water-limited productivity. The linearity between crop biomass (and often final yield) and water use has been observed since the early 1900 (e.g., Briggs and Shantz 1913a, b) , although the first analytical approach to formalize the relationship was developed by de Wit (1958) . Several hundreds of linear relationships can be found in the literature (e.g., Hanks 1983 ) along with different approaches to link both variables (e.g., Arkley 1963; Bierhuizen and Slatyer 1965; Stewart 1972; Hanks 1974; Stanhill 1986 ). Tanner and Sinclair (1983) presented a systematic analysis that provided a theoretical basis and confirmed the previously observed constancy of WP b for a given environment. Since then, only few attempts have been made to combine the scientific advances and the new experimental evidence to improve our understanding of the behavior of WP b [e.g., Hsiao (1993) for high CO 2 ; Steduto (1996) and Steduto and Albrizio (2005) for climate normalization procedures]. This is surprising in view of the practical implications that a constant WP b would have for the use of a limited amount of water in supplemental irrigation (Oweis et al. 2000) and in regulated deficit irrigation (Fereres et al. 2003) , as well as in the theoretical approaches to modeling crop production (Steduto 1996) .
Actually, the realm of dynamic crop-growth modeling has evolved based on the use of another fundamental and conservative parameter-radiation use efficiency (RUE)-the slope of the relationship between biomass produced and solar radiation intercepted (or absorbed) by the crop canopy. The choice of the RUE formalism (Monteith 1977) was likely influenced by the relative ease by which RUE can be determined as compared to WP b , and by the fact that the first modeling effort focused on potential yield (de Wit et al. 1970) , which is radiation-limited rather than water-limited. Nevertheless, the ever increasing recognition of water as a limiting resource worldwide (Seckler et al. 1998) , the knowledge accumulated on crop-water relations and water productivity, and the recent improvements in methods for the determination of WP b all argue for more attention be given to the potential offered by WP b in crop simulation models. This is supported by the variability encountered in RUE (Sinclair and Muchow 1999; Albrizio and Steduto 2005) along with the better simulation performance in using WP b as compared to using RUE observed in a few cases .
Theoretical framework and experimental evidence
In developing the theoretical background and the appropriate framework for analyzing the constancy of WP b , we follow a stepwise scaling-up approach, from leaf to crop community, in the analysis of the two basic processes involved, water transpiration (T) and net carbon assimilation (A), and its conversion to biomass.
Photosynthetic water productivity-leaf scale
At the leaf level, we define photosynthetic water productivity (WP p ) as the ratio of leaf net carbon dioxide assimilation (A l ) to leaf transpiration (T l ), both expressed as flux rates on a leaf area basis (mol m -2 s -1 ). In the gas exchange processes between a leaf and its environment, CO 2 and water vapor share the same pathway between the bulk atmosphere and the intercellular air space. While this completes the path for water vapor, CO 2 has yet to move in liquid phase from the cell walls to the carboxylating sites of the thylakoids (C 3 species) or cytosol (C 4 species). This additional path for CO 2 may be ignored when gas exchange is determined under steady state or near steady state conditions. Neglecting the cuticular path and assuming steady state, the corresponding gaseous A l and T l fluxes are expressed as:
where Dc is the difference in CO 2 concentration between that of the atmosphere (c a ) and that in the leaf intercellular air space (c i ); Dw is the water vapor concentration difference between the leaf intercellular air space (w i ) and the atmosphere (w a ); r¢ b and r¢ s are the boundary layer and stomatal resistances, respectively, for CO 2 transport; and r b and r s are the boundary layer and stomatal resistances, respectively, for water vapor transport. Equations 1 and 2 express the A and T fluxes in purely physical terms while all the complex metabolic processes of CO 2 fixation at the biochemical level are imbedded in the c i term of Dc.
Along the path described, both gases encounter the same resistance to diffusion except for their different binary diffusivity due to a difference in molecular mass (von Caemmerer and Farquhar 1981) . The relationship between the total resistance to water vapor transport (r = r b + r s ) and the total resistance to CO 2 transport (r¢ = r¢ b + r¢ s ) is about constant under high turbulence (a condition typical of gas-exchange measurements in cuvettes, and very common in open fields). Farquhar and Sharkey (1982) determined that r @ 0.625r¢. This constant relationship indicates that any change of the resistance to gas transport will have a similar impact on A l and T l . Under steady-state conditions then, photosynthetic water productivity of single leaves is expressed as:
Equation 3 underlines the dependence of WP p on the concentration difference or gradient of the two gases. At any given Dw, an increase in Dc under elevated atmospheric CO 2 will increase WP p . Similarly, WP p is influenced by the evaporative demand of the atmosphere through Dw and will vary in different climates unless it is normalized for Dw. At the leaf scale, this normalization is quite simple, as Dw is determined during the flux measurements of gas-exchange. To normalize WP p for Dw, both sides of Eq. 3 are multiplied by Dw. That will cancel the denominator of Eq. 3 and make the normalized WP p dependent only on Dc. Also, if c a is maintained constant by the gas-exchange system, the normalized WP p (WP p * ) will only be influenced by the degree of variation in c i .
Normalizing for Dw and rearranging,
where k = 0.625 c a . Equation 4 shows that for a given c a , WP p * is a linear function of c i with an intercept of k ( = 0.625 c a ) and a slope of 0.625. That is, under a given c a and evaporative demand, WP p is critically dependent on c i .
As depicted in Fig. 1 , c i represents a balance between the importation of CO 2 into the intercellular space through stomata and air boundary layer, and the depletion or utilization of the intercellular CO 2 by photosynthetic carboxylation. The rate of importation is jointly determined by the level of c a relative to c i (Dc) and the relevant resistances (r¢ b and r¢ s ) in the gaseous transport pathway. The rate of depletion is jointly determined by the level of c i , the activities of the enzymes controlling the CO 2 dissolution and fixation processes in photosynthesis, and the level of the substrates as CO 2 acceptors. The lumped resistance r¢ m in the figure represents essentially the overall biochemical resistance to CO 2 fixation. Plants have apparently evolved feedback and feedforward mechanisms (dashed lines) to keep the importation and depletion of CO 2 in balance most of the time so that c i is conservative. This implies that photosynthetic capacity and stomatal opening are coordinated and operate in concert in the leaf. Under fast changing conditions, however, c i does fluctuate but then gradually returns close to its set value. This suggests that when one of the two opposing processes, either the importation or depletion of CO 2 , is perturbed, the other adjusts with some lag to keep the system in balance and c i nearly constant.
There has been substantial experimental evidence showing that for many species, c i tends to remain constant under a range of conditions (Wong et al. 1979; Pearcy 1983; review by Morrison 1987; Hsiao and Jackson 1999) including water stress when the stress develops gradually, as it generally occurs in the field. It is also well known that there is a difference in c i between the leaves of C 3 and C 4 species, due to differences in their photosynthetic pathways (Osmond et al. 1982) . Near constancy of c i has been observed with variations in temperature (e.g., Bjö rkman 1981), radiation (e.g., Bolañ os and Hsiao 1991), water supply (e.g., Wong et al. 1979; Hirasawa et al. 1995) , leaf nitrogen content (e.g., Wong et al. 1979 ) and salinity stress (Steduto et al. 2000) . For species with stomatal response to humidity, however, as water vapor gradient from the leaf interior to the air (Dw) increases stomata react by narrowing and c i decreases (Morison 1987) . Such responses were apparently influenced by changes in leaf temperature and plant water status (e.g., Steduto et al. 1997 ) and will be discussed further in ''Some unresolved issues''.
The ample evidence under most circumstances on the tendency of c i to remain constant at a constant c a , i.e., a constant c i /c a ratio, is an indication that stomata behave at the leaf scale in a manner that leads to a constant WP p * . By considering the ratio c i /c a = a as constant, c i = ac a , and Eq. 4 can be arranged as follows
clearly indicating that WP p * is proportional to the increase in ambient CO 2 by the proportionality of k*, as long as a stays constant. Using the widely accepted generalized values for a of 0.7 and 0.4 for C 3 and C 4 species, respectively (Morison 1987; Wong et al. 1979) , k* and WP p * take on the following values: values (plotted), and another was calculated from c a using Eq. 5. The general agreement found among the three sets of WP p * for these crops, particularly over the range of c a that is not excessively high, confirms the validity of the assumptions made to arrive at the simple expressions defining normalized photosynthetic water productivity at the leaf scale (WP p * ). Most notable is the fact that Eq. 5 makes no differentiation among crop species except between C 3 and C 4 and there is no parameter to adjust regardless of the crop, and no experimental measurement to make as long as c a is known. Yet the equation yielded WP p * matching closely the measured values for the C 3 species wheat, sunflower, sugar beet and olive, and the C 4 species sorghum, over a wide range of c a . It should be mentioned though, that the measured and the simulated responses tend to diverge at high c a . This is most likely because the capacity of leaves to maintain c i constant diminishes as CO 2 saturation is approached, as may be expected when c a was changed quickly in these shortterm experiments, with little opportunity for acclimation by the leaves.
Once again, it bears emphasis that only c a needs to be known in order to use Eq. 5, and no other measurements are required.
The emphasis here is on the constancy of the ratio of c i to c a (a) and the constancy of c i at a given c a . Nonetheless, following the discovery of the variation in carbon isotope discrimination and its relation to WP (Farquhar and Richards 1984; Farquhar et al. 1989) , efforts have been made to breed C 3 crops for higher WP by selecting for reduced carbon isotope Sci (2007) 25:189-207 193 discrimination, which corresponds to a lower a.
Obviously genetic variation in a exists. The key question is how much can we expect a to vary in the coming few decades for widely used crop cultivars. So far the variations appear to be small for most of the crop species examined, as discussed further in ''Some unresolved issues''.
Photosynthetic water productivity-canopy scale
In an agricultural system, assimilation and transpiration by the crop canopy determine the fluxes of CO 2 and water vapor and thus, canopy photosynthetic water productivity (WP p c ), and ultimately, biomass water productivity (WP b ). As we scale up from leaf to canopy, there are additional features that must be taken into account because the consideration is now on a land area basis instead of leaf area basis. When the coverage of the land by crop canopy is incomplete, the capture of radiation becomes critical for both photosynthesis and water loss.
The commonality and differences in the factors that affect canopy photosynthesis and canopy transpiration are summarized in Fig. 3 . The extent of radiation capture by a crop depends on the amount of leaf area, normally evaluated by the leaf area index (LAI), on the geometric arrangement of the leaves within the canopy, as well as on the angle and intensity of incident radiation. Therefore, in addition to solar radiation, plant factors, particularly plant density and the stage of vegetative growth, are critical determinants of radiation interception when the canopy is incomplete. As in leaves, the process of canopy transpiration (T c ) shares the same source of captured energy as the canopy assimilation (A c ). Of the total captured solar radiation though, only the fraction that is photosynthetically active (PAR) is effective in CO 2 assimilation, while the whole spectrum is used for transpiration. PAR, however, is a fairly constant fraction of the incident solar radiation (Meek et al. 1984; Varlet-Grancher et al. 1989) as is the ratio of absorptance of PAR to non-PAR radiation for the leaves of many species (Stanhill Hsiao and Bradford (1983) and Hsiao (1993) 1981). Another fact to recognize is that at the canopy level, A c of many crops usually does not reach light saturation but has an essentially linear response to irradiance (Biscoe et al. 1975; Louwerse 1980; Asseng and Hsiao 2000) . Consequently, any change in the amount of radiation captured by the canopy (e.g., difference in effective leaf surface area, weather, etc.) would affect in a similar way A c and T c . Thus, at the canopy level, not only the CO 2 and water vapor share much of the transport pathway, they also share the dominant energy source. There is, however, a difference in that sensible heat flux can either add or remove energy for transpiration from the canopy independent of radiation. Overall though, the sharing of radiative energy source is a critical and often even dominant factor in linking assimilation and transpiration rates at the canopy level. Figure 3 also emphasizes the most obvious difference between the assimilation and transpiration processes, namely, the difference in driving force for gas transport, being Dc for CO 2 , and Dw for water vapor, two virtually independent variables. This provides some means to improve WP p c , through the manipulation of either or both of these parameters. Equally important, for WP p c to be conservative in different environments, it must be normalized for Dc and Dw.
Data on canopy assimilation and transpiration, measured simultaneously to determine WP p c over many days, are not extensive. Figure 4 presents some results for sorghum, wheat, and chickpea obtained in the field. The constancy of WP p c is obvious from the straight line relationship between S A c and S T c . It is necessary to point out, however, that the ratio A c /T c actually varies substantially over diurnal cycles (Xu and Hsiao 2004) , mostly because evaporative demand of the atmosphere varies diurnally. These variations apparently average out when data were accumulated over periods of many days, as is the case for the data in Fig. 4 .
The data in Fig. 4 are for day time only. As the temporal scale increases from instantaneous measurements of A c to periods up to a season, more factors must be taken into account. Leaves are not the only components of the canopy. Structural and reproductive organs grow and develop during the crop cycle, changing dimensions, composition, and respiratory requirements as the season progresses. Almost all of the seasonal data in the literature are for biomass water productivity (WP b ). Data on seasonal photosynthetic water productivity (WP p c ) are rare because continuous measurement of A c and WP p c over a season is extremely difficult to obtain. Changing from A c to biomass requires an analysis of the respiratory costs in relation to A c , and of the chemical composition and carbon requirements of the biomass.
Converting the assimilated CO 2 into the products used for growth, maintenance, transport and assimilation of mineral nutrients requires energy supplied by respiration. It is customary to separate respiration into two components, that used in growth and that used in the other processes (so called maintenance). The total respiration of a canopy (R c ) could consume from one fourth to two thirds of the total assimilates over a plant's life cycle (Amthor 1989 ) and may affect A c variably over the season. As A c is the measured net assimilation, variation in R c with crop ontogeny may affect measure of A c over the season. The other important consideration is the composition of the biomass. Not only does the biomass composition determine the respiratory growth requirements (Penning de Vries et al. 1974 ) but also the maintenance costs (Amthor 1989) .
All this implies that overall, a linear relationship between A c and T c , i.e., a constant WP p c (e.g., as in Fig. 4 ) would be expected only if the relationship between R c and A c is also linear (Charles-Edwards 1982). Fortunately, more and more evidence is appearing indicating an approximate fixed ratio of assimilation to respiration for a given species or genotype (Amthor 1995) . This seems to be the case even as environmental conditions vary, including that in temperature (Gifford 1995) , CO 2 concentration (Cheng et al. 2000) , and nitrogen availability within a reasonable range (Garcia et al. 1988) .
The tight correlations between cumulative A c and R c along the season for sunflower, sorghum, wheat, and Relationships between cumulative daytime canopy net assimilation (A c ) and cumulative daytime canopy transpiration (T c ) for sorghum, wheat and chickpea. The slope of the relationships represents WP p c . Measurements were taken when the crops were all at full canopy cover, and soil evaporation was assumed to be negligible (redrawn from Steduto and Albrizio 2005) chickpea are illustrated in Fig. 5 . The change in the slope of the linear relationship for sunflower after anthesis in Fig. 5a is the consequence of a significant increase in respiratory requirements due to oil production in the seeds (Whitfield et al. 1989) . The increase in CO 2 release through respiration then leads to a lower net canopy assimilation and lower ratio of A c to R c . The fact that two different levels of nitrogen yielded the same relationship between A c and R c for a C 3 as well as a C 4 species is illustrated by the data for pre-anthesis sunflower (Fig. 5a ) and for sorghum (Fig. 5b) . These results support the concept of fairly constant carbon use efficiency throughout the crop life cycle, provided that the composition of biomass does not change significantly (as in Fig. 5a ). Research on woody plants and forest trees has led to the use of a constant ratio between gross and net primary production in the accurate simulation of the growth of tree stands of many species (Landsberg et al. 2003) .
The data in Fig. 4 demonstrated clearly the constancy of photosynthetic water productivity at the canopy scale (WP p c ). This is supported and consistent with the underlying factors discussed so far: (a) the conservative behavior of leaf WP p ; (b) the role of solar radiation intercepted by the canopy in determining both A c and T c ; and (c) the conservative behavior of canopy carbon use efficiency (Fig. 5) provided that chemical composition of the biomass does not change.
From net carbon gain to biomass
The next step is to scale up from daily net A c to seasonal biomass, in which the only new process influencing biomass accumulation would be the metabolic costs for the construction and maintenance of the biomass. Given that the composition of vegetative parts of many crop species is very similar (Penning de Vries et al. 1983 ) and does not change substantially, biomass should also be linearly related to transpiration, but the slope of biomass versus transpiration plot (WP b ) will be lower compared to the corresponding plot for WP p c . This is clearly evident with data obtained in the same set of experiments and depicted in Fig. 6 . Again, in the case of sunflower (Fig. 6a ) the slope during the reproductive phase is less than that in the vegetative phase. Similar behavior should be expected in those crops where the reproductive organ has high protein and/or oil content, such as soybean, peanut (Angus et al. 1983 ), sunflower, etc. Penning de Vries et al. (1983 provide an assessment of the metabolic Sunflower and sorghum data were obtained under two levels of nitrogen nutrition. The differences in the slope of the plot between the two levels of nitrogen is statistically significant only for sorghum costs of production of the harvestable organs for most crops from where it is possible to infer the trend in WP b depending on the nature of the yield product.
Although the analyses and data above have addressed situations where only above-ground biomass is considered, constant WP b has been described for root and tuber crops such as sugar beet (e.g., Clover et al. 2001) , and potato (e.g., Tanner 1981) . Presumably, the constancy in water productivity of both above-ground biomass and root biomass in the case of root crops is a consequence of a homeostatic growth response of root and shoot (Brouwer 1983) , as earlier indicated. There is, however, a shift under water or nutrient deficiencies in the ratio in favor of the root. But, as already mentioned, this shift has relatively minor impact on crop WP b because shoot biomass dominates in cases of crops harvested for shoots, and root biomass dominates in cases of crops grown for roots.
Normalization of biomass water productivity for climate
The virtually constant WP p c and WP b c in Figs. 4 and 6, respectively, were for the cases where environmental conditions did not vary markedly over periods of weeks to months. By analogy with the leaf WP p , however, one expects WP p c and WP b c to still be dependent on the magnitudes of the driving forces for water vapor and CO 2 transport, which are determined by the environment. Thus, there is a need to normalize WP p and WP b for the climate, specifically, for evaporative demand of the atmosphere to extrapolate water productivity values between climatic zones, and for atmospheric CO 2 concentration to extrapolate between atmospheric CO 2 status. The latter is necessary to evaluate and make use of old data (e.g., those analyzed by de Wit 1958) and to accommodate future rise in atmospheric CO 2 .
Normalization for atmospheric evaporative demand
The conceptual normalization of WP b for the evaporative demand of the atmosphere can take two routes (Tanner and Sinclair 1983; Steduto and Albrizio 2005): (1) normalizing via the ''transpiration gradient'', or (2) normalizing via ''reference transpiration flux''.
The gradient-normalizing route is derived from the leaf-scale gas transport model (Eqs. 1, 2). For the canopy, the flux-gradient theory (Norman 1979 ) is applied considering the canopy as a ''big leaf'' (Lhomme 1991) , with the latent heat flux (k E) expressed as
where k is the specific latent heat of vaporization (J kg -1
); E is the evaporation or water vapor flux (kg m -2 s -1 ), all due to transpiration; q a is the air density (kg m -3 ); c p is the specific heat capacity of the air (J kg -1°C ); g w is the total conductance for water vapor transport (m s -1 ), including both aerodynamic and canopy conductances; c is the psychrometric constant (kPa°C -1 ); and De is the leaf-to-air vapor pressure difference (kPa).
Following the derivation of Tanner and Sinclair (1983) at the canopy level, WP p c and WP b can be normalized for the leaf-to-air water vapor pressure difference (De), representing the driving force of the transpiration process (analogous to Dw in Eq. 2), through the following equations
The summations are over a total of n number of time intervals of the same length with i as the running number designating each interval. The length of the interval (in days) is represented by t. Biomass denotes the gain in biomass from the beginning to the end of the summation period. In contrast, A c, T c and De denote the quantity cumulated during each interval i. Ideally, Eqs. 7 and 8 should be applied to the daily data (t i = 1 day) to normalize. Not many studies provide sequential daily data, however, as the majority of the studies employed time intervals of at least 1 week (t i = 7 days) or longer in the measurements of T c . Also, with respect to WP p , t i often varies from interval to interval (e.g., t i = 7 days, t 2 = 5 days, t 3 = 10 days, etc.). For practical purposes, Eq. 8 is usually used in an alternative form, namely:
where De is the mean daily De for time interval i. Therefore, when the interval duration varies from one to another (i.e., t i not constant), Eq. 9 must be used. At the canopy scale, De depends on air vapor pressure and temperature of the canopy surface because leaf (actually leaf interior) vapor pressure is a function of leaf temperature. However, since canopy temperature is not generally available, the practical normalization of Irrig Sci (2007) 25:189-207 197 WP p c and WP b for evaporative demand (Tanner and Sinclair 1983 ) is usually approximated by replacing De with the atmospheric vapor pressure saturation deficit (VPD, using same units), implicitly assuming that air and canopy temperatures are the same.
This approximation has important drawbacks. For one, De could be substantially lower than VPD when canopy temperature is cooler than air temperature under high transpiration flux or positive advection of sensible heat, and De could be substantially higher than VPD when canopy temperature is hotter than air temperature due to water stress or negative advection of sensible heat (Paw U and Gao 1988; Asseng and Hsiao 2000) . Furthermore, the normalization becomes very sensitive to low VPD values, giving unreliable results in such conditions (Stockle et al. 2003) . In addition to the inaccuracy of the approximation under advective conditions, normalization by VPD encounters a more practical problem-a strong dependence of the calculated value of VPD on the type of weather data available and the method selected for calculation (Allen et al. 1998 ). Thus, the normalized WP may be substantially different unless the same kind of weather data (whether hourly, daily mean from hourly, daily based on maximum and minimum, etc.) and the same method of calculation are used. Penman (1948) , in his derivation of the latent heat flux equation named after him, found a better solution by approximating the canopy temperature with air temperature and the approximate slope of saturated vapor pressure versus temperature, and then combining the sensible heat flux equation and the energy balance equation. The solution given by Penman (1948) is the well known latent-heat flux equation that combines the ''energy'' and the ''aerodynamic'' components of the latent heat flux and that was further extended by Monteith (1980) to incorporate the aerodynamic and canopy components through conductance parameters. The fully developed Penman-Monteith equation is expressed as
where Rn is the net radiation flux (J m -2 s -1 ), G is the storage heat flux (J m -2 s -1 ), g a and g c are the aerodynamic and canopy conductances (m s -1 ), and e * and e a are, respectively, the saturation (at air temperature) and actual vapor pressure of the atmosphere. The other variables have already been defined. Note that although only VPD (e * -e a ) appears in the equation, Eq. 10 actually does use vapor pressure at the approximated canopy temperature in arriving at the driving force for transpiration because sensible heat transfer is an integral though implicit part of the equation.
The more accurate modeling of the transpiration flux through the Penman-Monteith equation avoids the drawbacks of using VPD in place of De and leads to the second normalizing route, i.e., via a reference transpiration flux (E o ). In this case, the normalization of WP p c and WP b are expressed respectively through the following equations:
The summations are the same as those for Eqs. 7 and 8. A c , T c and E o denote the quantity cumulated during each interval i. Again, for practical purposes an alternative form of Eq. 12 is often used, with E o being the mean daily E o for the time interval i. With t i varying, then the following equation must be used:
This approach was originally adopted by de Wit (1958), using pan evaporation in place of E o . Nowadays, it is suggested to use the reference crop evapotranspiration as E o and calculated according to the PenmanMonteith equation (Eq. 10), as rearranged and recommended by FAO, Irrigation and Drainage Paper no. 56 (Allen et al. 1998 ).
Various experimental works have shown the normalization of WP b by E o to be more robust than the normalization by VPD (e.g., Azam-Ali et al. 1994; Clover et al. 2001; Steduto and Albrizio 2005) . After all, this approach has already been used very successfully for normalizing crop evapotranspiration, yielding the crop coefficients (K c ) used worldwide (Doorenbos and Pruit 1977 ). An example comparing normalization by VPD and by E o is shown in Fig. 7a, b , respectively, for the same crops depicted in Fig. 4 through 6 . Another example comparing the two ways of normalization is given in Fig. 8a, b . In these figures, it is easily seen that compared to normalization by VPD, normalization by E o gave results that are more unified and hence should be more useful in applications across a range of conditions differing in evaporative demand.
In our studies, the advantage of normalizing by E o was evident when comparing data obtained on crops grown in atmospheric environments that differed in temperature, vapor pressure, and radiation regimes (i.e., winter vs. spring). When crops were grown in one location under similar environments but in different years, in one comparison there were no obvious differences between the two normalization procedures (T.C. Hsiao, unpublished).
Normalization for different atmospheric CO 2 concentrations
Similar to the WP b normalization for different atmospheric evaporative demands, also the normalization of WP b for different atmospheric CO 2 concentrations requires a reference status, in this case of CO 2 concentration. This approach was alluded to by Tanner and Sinclair (1983) , and was more fully developed through the analysis by Hsiao (1993) .
The conceptual points of departure are (1) the leaf gas-exchange processes formulation under steady-state conditions, as expressed by Eqs. 1 and 2, and (2) the accumulated evidence indicating a strong tendency of the ratio c i /c a ( = a) to remain constant (Hsiao and Jackson 1999) , attributed to the evolutionary adaptation of plants to environment and consistent with the theory of optimal stomatal behavior in water use (Cowan 1982) .
Expressing c i as a function of c a (i.e., c i = ac a ) and substituting in Eq. 3, yields . Derived from the original data of Soriano et al. (2004) Irrig Sci (2007) 25:189-207 199 In view of the conservative behavior of a, it is 
Equation 16 indicates that WP p for any situation is the product of the reference WP p,o , the c a ratio, and the Dw ratio; and it represents the first paradigm equation (Hsiao 1993) for investigating changes in water productivity under different CO 2 concentrations (e.g., elevated future CO 2 ). It should also be recognized that, in order to normalize the value of WP p , it is necessary to know its reference value (WP p,o ). Presently there is not yet a common reference c a , and researchers are likely to choose a particular WP p,o for their specific crop at their own convenience (e.g., Xu and Hsiao 2004) . Progress in analyzing WP would be facilitated if c a of a particular time (e.g., summer) and year (e.g., 2000) measured at a particular location (e.g., Mauna Loa Observatory, Hawaii) is chosen as a common reference. Even though Eq. 15 was derived from equations describing the gas-exchange of single leaves, Xu and Hsiao (2004) have shown that the equation predicted quite well the hour-by-hour changes in WP p c of a cotton canopy in the open field. Apparently, the scaling up from leaf to canopy did not require any modification of Eq. 15. This is likely the result of Eq. 15 expressing WP p relative to WP p,o , as up scaling from leaf to canopy should be identical or very similar for different situations regardless of environmental conditions (Xu and Hsiao 2004) .
Although Eq. 16 remains valid when applied to canopies, as long as a stays the same, additional considerations are required when extending it to biomass. At aggregated canopy scale, biomass can be expressed as
where, C is the biomass per unit of carbon dioxide for a given composition; A c is the net crop assimilation during day-time and R c is the crop dark respiration during night-time; both A c and R c are integrated over the number of days (n) during which the biomass is produced.
Since the relationship between R c and A c tends to remain conservative, as previously indicated in ''Photosynthetic water productivity-canopy scale'' and ''From net carbon gain to biomass'', by setting b as the ratio of R c /A c , so that R c = bA c , and substituting into Eq. 17, one obtains the following:
Using Eq. 18, the biomass water productivity (WP b ) can then be expressed as
In view of the conservative behavior of b, also in this case it is advantageous to express the change of WP b on a relative basis, i.e., its value under new CO 2 as compared to the reference value under the reference CO 2 concentration. Therefore, in analogy to Eq. 15, and using the same subscript and superscript symbols, we can derive
Equation 20 indicates that the relative change in WP p is the product of the A c ratio by T c ratio, which corresponds to the WP p c ratio of the gas-exchange at canopy level over the number of days (n).
Since, as mentioned before, the same equation applies when up-scaling from leaf to canopy gas-exchange, Eq. 20 can be rewritten in analogy to Eq. 16 as
Equation 21 indicates that WP b for any situation (e.g., elevated CO 2 ) is the product of the reference value (WP b,o ) times the c a ratio and times the Dw ratio (as is for Eq. 16), cumulated over the same number of days during which the biomass is produced.
To normalize the biomass water productivity value under any atmospheric CO 2 concentration (of the past or of the future) to the reference value (WP b,o ) it is just a matter of rearranging the same equation as follows:
Data with sufficient details to test the validity of Eqs. 21 and 22 are rare. In one study, cotton plants were grown in pots in controlled environment chambers under normal, 1.5 · normal and 2 · normal air CO 2 concentrations and their WP b was determined.
Other than the differences in CO 2 , the chambers were the same in environment. As expected, the results (Table 1) show that the measured WP b was positively correlated with the level of c a . Designating the normal air CO 2 concentration (360 ppm) as the reference situation, i.e., its c a as c a,o and its Dw as Dw o , the normalized WP b (WP b,o ) was calculated for the two elevated CO 2 treatments. It is seen in the fifth column of Table 1 Equations 16 and 21 are fundamental and should hold regardless of whether plants are C 3 or C 4 , and under various sets of changes in environmental conditions (i.e., not only CO 2 ). This normalizing approach for different atmospheric CO 2 concentrations is expected to be the most valuable and robust one since it is based on the conservative behavior of a (c i /c a ) and b (R c /A c ), most likely the consequence of natural evolution and adaptation of plants in resources-use optimization.
The normalizations for evaporative demand and for atmospheric CO 2 have been treated separately, although Eq. 22 has the potential to be used for the purpose of integrated normalization. That is because it expresses WP b,o as a function of both the c a ratio needed to normalize for CO 2 and the Dw ratio that is a part of Eqs. 7, 8, or 9 for the normalization for evaporative demand. Unfortunately in practice the data demanded by Eq. 22 are not readily available for crops grown in open fields or greenhouses. This problem will be elaborated on in ''Uncertainties in the normalization for atmospheric CO 2 '', where a practical approach to normalize for the two key variables will be given.
Some important implications of normalizing biomass water productivity are clear. First, it allows the comparison of WP data across the globe on equal footing, after accounting for differences due to variations in evaporative demand of the climate, and in atmospheric carbon dioxide concentration when applicable. Such comparisons will reveal more definitively the intrinsic . Designating the normal air CO 2 concentration (360 ppm) as the reference situation, biomass water productivity of the plants grown at either 540 or 720 ppm CO 2 were normalized using Eq. 22 with the c a and Dw of the reference situation. Predicted WP b was calculated using Eq. 21 with WP b of the reference situation (WP b,o = 3.93 g kg -1
). Since chamber conditions were kept the same from day to day, summation called for in Eq. 21 and 22 was not necessary and the overall c a and Dw were used in the calculation. Plants were grown over a 43-day period under about 700 lmol m -2 s -1 of PAR, 27/20°C and 45/ 80% relative humidity for the day and night periods. Periodically shoot biomass was harvested while water lost by transpiration for each period was measured by water balance. Soil surface was covered to eliminate evaporation. Air CO 2 was measured intermittently to obtain an overall c a that was slightly different from the nominal set values of the chamber. Foliage temperature data used to calculate Dw were obtained in a separate experiment under very similar conditions. Derived from Hsiao and Xu (2000b) Irrig Sci (2007) 25:189-207 201 properties of the crop or the management practices that alter WP. Most importantly, normalized WP will provide a head start in knowing the WP at a new location or new time period when CO 2 concentration is different, whether in the future or in the past. For example, Eq. 21 will permit the prediction of WP b once the CO 2 concentration for a situation is known and the vapor pressure gradient (Dw) is estimated.
Some unresolved issues
Up to this point we have focused on the basics and the apparently more straight forward relationships, even though there are possible complicating effects in some of our assumptions, and uncertainty over the degree of variation in a with respect to some environmental features. At least four issues deserve more attention and are briefly discussed here.
Effects of air humidity and water stress on a
The fact that stomata of many species open less under large Dw is well known (Schulze and Hall 1982) . It has been shown (Morison 1987 ) that a changes in close association with stomatal changes caused by Dw. So as Dw changes dynamically in the open field, a would be expected to change dynamically as the result. Fortunately, the empirically determined relationship between a and Dw appears to be simple, with a decreasing nearly linearly as Dw increases (Morison 1987; Xu and Hsiao 2004) . Thus, the pattern of a values could be estimated from the pattern of Dw using their linear empirical relationship. Xu and Hsiao (2004) have shown that by adjusting a according to Dw with the linear relationship, their theoretical model was able to predict the diurnal changes in canopy WP p of cotton in the open field. Without the adjustment the prediction deviated markedly from the measured WP p for a substantial part of the day. For the estimation of WP over the long term, however, how to obtain the most valid integration of a remains to be worked out. Studies based on carbon isotope discrimination have shown (e.g., Johnson and Tieszen 1993) or inferred (e.g., Acevedo 1993) a reduction in a under water deficits. These results are probably confounded, however, by the likely stomatal response to Dw. Under conditions of water deficit, transpiration is lower due to reduced stomatal conductance; consequently the foliage is warmer and Dw is higher. The reduced a under water deficit may be the result of this change in Dw, and not a direct response to water deficit. In addition, much of the isotope data were obtained by stressing the plants in pot cultures where stress develops much faster than in the field. Slow adjustment to stress appears to be needed for a to remain constant.
Genotypic variation in a
The evidence for differences in a among genotypes is mostly based on carbon isotope discrimination (Farquhar et al. 1989 ), a measure widely used in efforts to breed for higher WP and resistance to drought (see : Acevedo 1993; Wright et al. 1993; Condon et al. 2004, for review) . Different genotypes of various C 3 crop species exhibited under similar conditions only limited differences (e.g., 10%) in a when well watered. The probable exceptions are genotypes of peanut, which exhibited apparently larger differences in a as inferred from carbon isotope discrimination data (Wright et al. 1993) . The significant efforts devoted to breeding for lower a and higher WP have been constrained because, in most cases, less isotope discrimination (lower a) is associated with slower biomass production and lower yield when water supply is not severely limiting (Acevedo 1993; Condon et al. 2004 ). The work of Rebetzke et al. (2002) in wheat demonstrates the extensive efforts necessary to make only marginal yield improvements under water deficit conditions using carbon isotope discrimination as a selection tool.
In all cases described above where a has values significantly different from the values of 0.7 for C 3 and 0.4 for C 4 noted in ''Photosynthetic water productivity-leaf scale'', but not changing dynamically, it is simply a matter of using the correct a value in Eq. 5 in making assessments of WP. In cases of normalizing for different CO 2 concentrations using Eq. 22, or its equivalent rearrangement of Eq. 16, if a is significantly different between the reference situation and the actual situation, it is necessary to substitute (1 -a)c a in place of c a , for both situations.
Effects of nitrogen nutrition and changing shoot-root ratio on the constancy of WP b Two other situations may introduce some variation in WP. On the one hand, it has been shown that a remains nearly constant over a range of N nutrition (Wong et al. 1979; Fig. 2) . Nevertheless, when the N deficiency is severe, the decrease in leaf photosynthesis has been associated with a decrease in WP b . Crop plants grown under limited N adjust primarily their leaf area before their intrinsic photosynthetic rate is affected (Sinclair and Horie 1989) . Thus, one would expect that WP b would tend to decrease in low N supply situations only in cases of quite severe N deficiency.
The known response of a shift in assimilate partitioning toward the root system relative to the shoot caused by water deficits (Hsiao and Xu 2000b) could induce an apparent change in WP b in situations where water stress increases in severity with time. This is because a larger and larger proportion of the assimilated carbon would be going to the roots and not to the shoot, the part of the biomass normally harvested to measure WP b . The maintenance of linearity over a substantial range of ET deficits in the myriad of published biomass-ET relations suggests, however, that this effect may not have a significant influence until water deficits become quite severe.
Uncertainties in the normalization for atmospheric CO 2 Still other uncertainties are in the normalization for c a .
To normalize with Eqs. 15, 16 or 22, the ratio of CO 2 as well as the ratio of water vapor concentration are required as input. Although the former may be taken as the measured value at the reference station or even the common value estimated for the world's atmosphere without much error, the latter (Dw/Dw o ) is not simple to assess. Of course w a is to be taken from weather data, but w i and hence Dw is a function of canopy temperature. Canopy temperature is best obtained by measurements; but data of measured canopy temperature over the weather dynamics of a growing season are rare. Canopy temperature can be estimated from weather data using the Penman-Monteith equation (Eq. 10), but detailed data on radiation, air temperature and humidity, and wind velocity, as well as canopy conductance (g c ) are required. At the present, g c has been parameterized for use in the Penman-Monteith equation by Allen et al. (1998) to be constant at 14.3 mm s -1 (corresponding to 70 s m -1 in terms of resistance). Response of stomata of single leaves to changes in c a is well known and has been characterized for a number of species (Morison 1987) , but how changes in stomatal conductance scale up to changes in canopy conductance is still an open question (e.g., Baldocchi et al. 1991; Rochette et al. 1991) , and well quantified data to facilitate the resolution are rare. The only certainty is that g c would decrease with increases in atmospheric CO 2 .
In view of the reality that long time Dw/Dw o data are not simple to obtain in the future and mostly noneexisting in the past, for practical purposes it is recommended for now that the following semi-empirical equation be used to normalize WP for atmospheric CO 2 :
where c a,o and c a are the annual mean atmospheric CO 2 concentrations measured at Mauna Loa Observatory (Hawaii), respectively for the reference year and for the year when WP b is determined; and D is an empirical factor approximating the sum of Dw to the sum of Dw o ratio (Eq. 22). In theory and according to the Dw/Dw o data in Table 1 , D should decrease with increases in c a , and the decrease should be slight. As shown in Table 1 , the ratio appears to be reduced about 7% even for the case of a doubling in CO 2 . The data are for cotton grown in environmental chambers, where air turbulence (hence boundary layer conductance for sensible heat, which relates to canopy temperature) is less than in the open field. Therefore the Dw ratio for cotton growing in the field under a doubling of CO 2 should be even closer to 1.0. For now as a temporary measure, it is suggested that D be approximated by the equation
, where a = 1.0, and b = 0.000138. This relationship is based on the Dw/Dw o data of Table 1 and assumes the Dw ratio to be a linear function of the difference in CO 2 concentration between the given and the reference situation. It also assumes, arbitrarily, that the effect of difference in CO 2 on the ratio is reduced by 25% in the open field due to more turbulence. Implicit in the equation is the fact that the c a,o is taken to be 360 ppm. If the chosen c a,o is substantially higher or lower, the b parameter should be reevaluated. Obviously, Eq. 23 can be rearranged to predict WP p at different c a . It is emphasized that Eq. 23 can only be used to normalize for CO 2 and does not account for any difference caused by evaporative demand of the air. That is because the D factor is based on data obtained under the same environmental conditions in the growth chambers where air evaporative demand was constant. Consequently, for now it is recommended that biomass water productivity should first be normalized for atmospheric CO 2 using Eq. 23, then the result be further normalized for evaporative demand using Eq. 13 (or Eq. 12). It is clear from this discussion that field data on canopy conductance and Dw/Dw o under different air CO 2 concentration and for different crops are badly needed for the development of a better CO 2 normalization procedure in the future.
Yet, another practical question is how to settle on a reference state needed for CO 2 normalization. Taking as a given that a common reference year or c a,o is agreed upon by the research community, there is still the question of agreeing on the value of WP b,o of the given crop species, and on the associated Dw o , which is partly dependent on the specific weather record over the growing season. Obvious this can only be done by an organized effort, and substantial lead time is necessary to analyze the literature and developing new data before a unified base can be developed. As of now, it is likely that most researchers will choose the reference situation for their own convenience.
Conclusions
The above stepwise approach, from leaf to the whole canopy, has provided a conceptual and theoretical framework to explain the basis for the constancy of biomass water productivity (WP b ). Following the pioneer work of de Wit (1958), Bierhuizen and Slatyer (1965) , and Tanner and Sinclair (1983) , the approach here added some new perspectives and new kinds of supporting data. Important is the fact that the scaling up does not involve complicated models and is underpinned at each level by theory and fundamentals, and by relevant data either recently published or new. Progress was made in the normalization for the two key climatic variables, evaporative demand and atmospheric CO 2 concentration. We have justified by theory the use of reference ET (E o ) in place of air VPD for the evaporative demand normalization, and shown it to be superior by some experimental data. Equally significant is the normalization for atmospheric CO 2 concentration, given its past changes and the certainty of its increase in the future. We have shown that, at the leaf level, because of the coordination of photosynthetic capacity and stomatal opening to maintain c i nearly constant relative to c a , the normalized WP becomes a function of the external CO 2 concentration. The CO 2 normalization approach, tested with limited data to be also applicable at the canopy level, allows for the assessment of crop production under future climate scenarios.
As for temporal scales, canopy photosynthetic WP, though varying on a diurnal basis due to variations in evaporative demand and air CO 2 concentration (Xu and Hsiao 2004) , remains conservative when averaged over periods of days up to a season. Apparently the tight relation between photosynthesis and respiration contributed to that conservative behavior. The transition from photosynthetic to biomass WP depends on biomass composition. While the metabolic costs of biosynthesis do not vary significantly among crop species for vegetative structures, except for the difference between C 3 and C 4 , it is strongly dependent on the protein and lipid content of fruits and seeds. Thus, normalized WP b should not differ much for crops of similar composition, although its value should decrease from cereals, to legumes, to oil crops. Recent experimental evidence presented above provides support for the theory and illustrates the conservativeness of normalized WP b under a wide variety of conditions. Such features of normalized WP b offer an invaluable tool for modeling crop production as related to water supply and availability, providing an effective way of applying the normalized WP b values between different locations, climate and seasons. The robustness of WP b , within the limits and uncertainties discussed above, paves the way for its use as the pivotal function driving the quantitative assessment of water-limited productivity. Another conservative parameter used for modeling crop productivity is radiation use efficiency (RUE). RUE, however, can remain variable even after normalizing for evaporative demand (Sinclair and Muchow 1999; Albrizio and Steduto 2005) and gives less consistent results in comparison to WP b in some cases ).
An alternative use of WP b can be for the mapping of climatic zones as different classes of biomass water productivity and given cropping systems so that optimal spatial allocation could be developed to conserve the limited water resources. Moreover, WP b can be used as a simple measure of consumptive water use by crops. This can be achieved by dividing the weight of biomass (as dry matter) sampled from a cropped field by the pertinent WP b value, resulting in the crop transpiration cumulated up to the sampling time. In conjunction with estimates of soil evaporation, the overall cumulative evapotranspiration can be estimated as well. However, more field research is needed to broaden the application of constant WP b , particularly under more extreme stresses, various rates of stress development, different level of mineral nutrition and air CO 2 concentration, and diverse VPD and temperature regimes. Additionally, more extensive determination of WP b for crops having different biomass composition is needed.
As elaborated on in this paper, it is obvious that WP b of crops, being conservative, offers only limited opportunity for improving the productivity of the water consumed by crops. As briefly discussed, WP b can be raised by growing the crop under weather regimes of lower evaporative demand or by improving nitrogen nutrition. The potential improvements outside drastic modification of the environment (e.g., greenhouses), however, are quite limited. Raising CO 2 concentration of the air offers a greater potential in theory, and can be achieved with current technology in protected cultivation such as in plastic tunnels and glasshouses. For production in the open field, enrichment with CO 2 of the air surrounding the crop, though tested from time to time, is not a foreseeable practical possibility. On the other hand, the current relentless rise in atmospheric CO 2 with time is certainly to raise WP b of crops in the future. For example, 50% increase in c a would raise WP b by slightly less than 50% according to Eq. 21.
Given the conservative behavior of WP b , and its relatively narrow range of variation between genotypes, it seems that promising research directions for its improvement can come only from some genetic breakthroughs which would change the intrinsic carboxylation and respiration capacities of plants. Such breakthroughs are extremely difficult to achieve since the natural evolution of species has apparently already optimized complex adaptation mechanisms to natural resource use. In any case, the time frame for such breakthroughs to occur would be quite long, in decades at least.
In considering the overall productivity of water, the exchange of transpirational water for biomass production (WP b ) is only one of the many sequential steps starting from water supplied either as rain or as delivered water leading to the final crop yield. The other steps encompass the engineering and management aspects of water storage, conveyance and irrigation application, water retention in the soil root zone and extraction by the crop, soil evaporation, and the partition of biomass between the vegetative residue and the yield part of the crop. Though WP b is conservative, the other steps offer many possibilities to improve the overall water productivity. This is the subject of a companion paper in this issue (Hsiao et al. 2007 ).
